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Electronic state and optical absorption spectra of metal 
alkoxides stabilized with β-diketones, which had various 
substituents, were calculated by the first principle molecular 
orbital methods.   The characteristics of the optical 
absorption and the mechanism of the photodissociation of 
alkoxides with irradiation of light were discussed.   The 
position of the first peak observed near UV region in the 
theoretical optical absorption spectra corresponded to that in 
the experimental ones with about 25 nm shift toward the shorter 
wavelength.   The first absorption peak observed in the visible 
range was originated from the electron transitions to molecular 
orbitals including the antibonding components of the C-O 
bonding in the chelate ring.   The results suggested that the 
bonding nature of chelate rings should be important to 
understand the photosensitivity of the chemically modified 
titanium alkoxides. 
 
 
Introduction 
 
   Micro patterning processes of oxide thin films are very 
attractive for the application of the micro capacitors, 
diffraction gratings etc.   The sol-gel method is one of the 
most applicable methods for the micro patterning for oxide thin 
films [1-2].   We have already reported that gel films derived 
from chemically modified alkoxides have photo reactivity and 
we can make micro patterns on the gel films by photo irradiation 
with masks [3-10].   In this method we can control the 
solubility of the gel films, since the photo irradiated part 
has less solubility for the organic solvent such as alcohol, 
hexane, acetone etc. 
   The solubility of the gel films was dependent on the optical 
chemical reaction of chelate ring constructed by the 
stabilizing reagent.   By the measurement of the absorption 
spectra of the gel films, the absorption peaks were shifted by 
the stabilizing reagents.   On the viewpoint of the chemical 
reaction, the wavelength of the absorption peak is very 
important because the matching of the wavelength between the 
absorption peak and the irradiation light is necessary for the 
efficient reaction.   The absorption of the chelate ring 
changed by the length of the resonance structure.   Then the 
electronic state of the chelate ring is desirable to understand 
the absorption of the chelate ring and the optical chemical 
reactivity of the gel films. 
     In the present study we have calculated the electronic state 
of the chemically modified titanium alkoxides.  The absorption 
spectra and the optical chemical reactivity of the gel films 
were discussed. 
 
Calculation method 
 
     In the present study, we have used two kinds of the first 
principle molecular orbital calculation methods.   The first 
we have used the Hartree-Fock calculation method, STO-3G, in 
PC Spartan® for structural optimization of the model clusters.   
Then, the DV-Xα cluster method was used to obtain the bonding 
nature and the absorption spectra of the chemically modified 
alkoxides.   This method is one of the linear combination of 
atomic orbital (LCAO) molecular orbital methods.   In this 
method the exchange potential VXC is described by  
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Where ρ is the electron density of the cluster and α is a constant 
[11].   α was fixed to be 0.7 throughout the present work.   The 
Mulliken population analysis was used for the bonding state 
between atoms.   We have used Slater’s transition state 
calculation method, which gave quite accurate results 
reflecting the relaxation effects of molecular orbitals caused 
by electron transitions [12], to obtain the UV-Vis absorption 
spectra.   Since the several molecular orbitals in the model 
clusters have been concerned in absorption spectra, the spectra 
were obtained by the summation of the absorption for the all 
combinations of the electron transitions between the molecular 
orbitals within 4 eV of the energy difference. 
     We have used several model clusters derived from 
Ti(O-Sec-Bu)4 with several kinds of stabilizing reagents.   Fig. 
1 shows the schematic structure of Ti(O-Sec-Bu)4 modified by 
1-phenyl-1,3-butanedione, which is an example of the model 
clusters.   The calculation was achieved for one molecule of 
the chemically modified alkoxides by one β-diketone molecule 
so that the absorption of the alkoxides should be deeply related 
with the electronic state of the chelate ring in the alkoxides.   
As the result, the Ti ion was coordinated with five oxygen ions 
in the cluster. 
     Thirteen of the stabilizing reagents were used for the model 
clusters, such as acetyl acetone, 3-methyl-1,3-pentanedione, 
3-ethyl-1,3-pentanedione, 
1-(5-bromo-2-hydroxyphenyl)-phenyl-1,3-propanedione, 
1,3-diphenyl-1,3-propanedione, 1-phenyl-1,3-butanedione, 
1-(2-hydroxyphenyl)-phenyl-1,3-propanedione, 
1-(5-chloro-2-hydroxyphenyl)-phenyl-1,3-propanedione, 
1,1,1-trifluoro-2,4-pentanedione, 
1,1,1-trifluoro-5,5-dimethyl-2,4-hexanedione, 
1-(2-phenyl)-4,4,4-trifluoro-1,3-butanedione, 
1'-hydroxy-2'-acetonaphthone, o-hydroxyacetophenone.  
   There are several reports about the structure of the Ti 
alkoxides stabilized with chelate reagents.[13]   In these 
studies the coordination number of the Ti ion was six in the 
gel films derived from the Ti alkoxides modified by several 
kinds of the stabilizing reagents.   However, it is common way 
to use the simplest model in order to analyze the fundamental 
electronic state, since there are no studies about the structure 
of the chemically modified Ti alkoxides with the all stabilizing 
reagents shown here.   Furthermore we have used the simplest 
model clusters for the simplicity of the first principle 
calculations to avoid the considerably longer calculation time 
for the complex models. 
     In order to compare with the theoretical spectra, the 
experimental UV-VIS spectra of the coated films were measured.   
The films were prepared from the stabilized alkoxides on the 
silica glass substrates by the dipping-withdrawing method.   
The absorption spectra of the films were measured in air with 
a Shimadzu spectrophotometer model UV-1600PC. 
 
 
Results and discussion 
 
     Fig. 2 shows the absorption spectra of the Ti(O-sec-Bu)4 
stabilized by 1-phenyl-1,3-butanedione, which is an example of 
the chemically modified Ti alkoxides.   In the figure the solid 
line shows the theoretical result and the dotted line shows the 
experimental one of the gel film.   We can obtain the 
theoretical spectra by the summation of each transition between 
the molecular orbitals.   Generally we have made theoretical 
spectra in higher resolution than the experimental ones so that 
the detail of the experimental spectra can be analyzed.    In 
the theoretical spectrum there are two major absorption peaks 
at 320 and 220 nm, which were composed of several small peaks 
near UV region.   These peaks seem to be corresponding to the 
peaks at 387 and 264 nm in the experimental spectrum.      This 
result means each peak in the experimental spectrum is including 
several electron transitions between deferent combinations of 
molecular orbitals.   The peak positions observed in the 
theoretical spectrum are shifted about 40 nm toward the smaller 
wavelength compared with those in the experimental one.   The 
feature of the theoretical spectrum such as the relative 
intensities and relative peak positions, however, is very 
similar to that of the experimental one.   As the results of 
the detail analysis of the molecular orbitals, which contribute 
to the absorptions shown in Fig.2, all peaks were caused by the 
transitions between the molecular orbitals mainly attributed 
to the chelate ring of the stabilizing reagent.   There were 
also very little contributions of the Ti atomic orbitals to 
these molecular orbitals.   The result suggests that the Ti 
atomic orbitals don’t directly affect to the absorption spectra 
and the atomic potential could shift the peak positions to lower 
wavelengths. 
     Fig. 3 shows the absorption spectra of the cluster with 
1’-hydroxy-2’-acetonaphthone.   In the spectrum of the gel film, 
there are three peaks at 425, 370, and 264 nm in the visible 
region.   Since the peaks at 425 and 370 nm are very broad, this 
film has very good response for the optical chemical reactions 
with very wide wavelength of visible light.   In the theoretical 
spectrum, there are more than 6 peaks and each peak was 
contributed by several small peaks.   The first peak is observed 
at 383 nm, which is about 40 nm smaller than that in the 
experimental one.   The second peak is appeared at 314 nm and 
the third is at 280 nm.   The theoretical results suggest that 
the broad peak observed in the visible region of the gel films 
are constituted of two major peaks.   On the contrary to this, 
there are four peaks in the UV region of the theoretical spectrum, 
while only two peaks are observed in the experimental spectrum 
of the gel film.   This result suggests that a shoulder of the 
peak near 264 nm could be originated by an isolated peak and 
the other peaks in the UV region of the experimental spectrum 
are constructed by several peaks, which were attributed to the 
transitions between the different combinations of the molecular 
orbitals.   Thus the theoretical calculation is very efficient 
to discuss the absorption spectra of the chemically stabilized 
Ti alkoxides.   In the patterning process by the optical 
chemical reaction, the wavelength of the irradiation light must 
correspond to the peak position observed in the gel films.   In 
the case of the broad peak observed in the gel films derived 
from chemically stabilized Ti alkoxide by 
1’-hydroxy-2’-acetonaphthone, there are only two major peaks 
in the visible region.   It is very important information to 
determine the effective wavelength of the irradiation light for 
the Ti alkoxides stabilized by 1’-hydroxy-2’-acetonaphthone. 
   Fig. 4 shows the relationship between the first peak position 
observed in the theoretical spectra and in the experimental 
spectra.   The solid line shows the results of the least mean 
square analysis for the stabilizing reagents without 
fluoroalkyl groups and the dotted line shows those with 
fluoroalkyl groups.   Most of the theoretical results shift 
about 25.6 nm toward the smaller wavelength compared with those 
of the experimental results.   This shift might be the influence 
of the small model clusters and the neglect of the surroundings.   
Those results, however, suggest an important information that 
we can estimate the position of the first absorption peak in 
the spectra of the gel films prepared by the chemically modified 
Ti alkoxides from the first principle molecular orbital 
calculations of the small model clusters.   On the other hand 
there are several results with no shift in the theoretical 
spectra.   They are the results of the stabilizing reagents with 
fluoroalkyl groups.   This result suggests that the shift of 
the absorption peaks observed in the theoretical results should 
be related to the interaction between the chelate ring and 
surroundings.   The stabilizing reagents with fluoroalkyl 
groups might have less interaction with surroundings.  
     The mechanism of the decomposition reaction of the 
chemically stabilized Ti alkoxides with irradiation of light 
is also very important to discuss the micro patterning process 
to refine the wavelength of the irradiation light and control 
the environment during the reaction.   When the gel film 
received the irradiation light, all absorptions were attributed 
to the transitions from the molecular orbitals near HOMO to the 
LUMO, which includes large antibonding components of the C-O 
bonding of the chelate ring.   This result suggests that the 
C-O bonding in the chelate ring becomes weaker after absorption.   
Also the LUMO has the wider distribution toward the outside of 
the chelate ring.  This wider distribution of the antibonding 
molecular orbital usually lead to the increase of the reactivity 
of the C-O bonding with surroundings such as H2O, O2, alcohol 
etc.   This reactivity might be an origin of the decomposition 
reaction of the Ti alkoxides.   In order to discuss this 
mechanism of the dissociation of the alkoxides, it is necessary 
to observe the photochemical reaction of the gel film in the 
environments without reactive molecules such as in vacuum. 
 
 
Conclusion 
   Electronic state of chemically stabilized Ti alkoxides was 
calculated by the first principle molecular orbital calculation 
methods.   Thirteen kinds of stabilizing reagents were used for 
the model clusters.   The structural optimization of the 
clusters was achieved by the ab initio HF method and the 
theoretical UV-Vis absorption spectra were obtained by the 
DV-Xα method.   The theoretical spectra were corresponding to 
the experimental ones except the shift of the peak positions.   
Average of the shift was about 25.6 nm toward the smaller 
wavelength except the stabilizing reagents containing 
fluoroalkyl groups.   The shift of the peak positions in the 
theoretical spectra should be caused by the interaction between 
the chelate ring and the surrounding environments.   The 
analysis of the chemical bonding suggested that the 
dissociation reaction of the chemically modified Ti alkoxides 
should be caused by the increase of the antibonding components 
of the C-O bonding in the chelate ring. 
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Figure captions 
Fig. 1   Schematic diagram of a model cluster of Ti(O-sec-Bu)4 
stabilized with 1-phenyl-1,3-butanedione. 
Fig. 2   Theoretical absorption spectrum of Ti(O-sec-Bu)4 
stabilized with 1-phenyl-1,3-butanedione ( solid line ) and the 
experimental spectrum of the gel film ( dotted line ). 
Fig. 3   Theoretical absorption spectra of Ti(O-sec-Bu)4 
stabilized with 1’-hydroxy-2’-acetonaphthone ( solid line ) and 
the experimental spectrum of the gel film ( dotted line ). 
Fig. 4   Relationship between the first peak positions observed 
in the theoretical and those in the experimental spectra.   
Solid line: the stabilizing reagents without fluoroalkyl groups.   
Dotted line: the stabilizing reagents with fluoroalkyl groups 
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